The acid-base properties of some p-substituted aromatic hydrazones were examined in aqueous perchloric acid medium by spectrophotometric methods. The changes in the UV spectra occurred due to the protonation reaction of the investigated hydrazones. The possible site where protonation may take place was discussed using the values of the total energy, binding energy, heat of formation and proton affinity, calculated according to the semiempirical methods AM1 and PM3. Furthermore, the stability of the protonated forms, as well as the stability of the isomers (E and Z) was discussed. Electronic absorption studies were utilized to determine the dissociation constants of the protonated form (pK BH + ), numerically and graphically, at different ionic strengths (0.1, 0.25 and 0.5 mol/dm 3 ), as well as the thermodynamic dissociation constants. The obtained values ranged between 3.08 and 3.47. The influence of the solvent on the appearance of the spectra was compensated by the use of the method of characteristic vector analysis (CVA).
INTRODUCTION
Hydrazones are considered one of the most important classes of organic compounds. Their derivatives constitute an important class of organic compounds showing diverse biological activity such as: anticonvulsant, antidepressant, analgesic, antiinflammatory, antiplatelet, antimicrobial, antimalarial, antitumoral, antiviral, vasodilator and antitubeculosis [1] [2] [3] [4] [5] [6] . This activity of hydrazones and their derivatives is a result of having an azometine proton (-NH-N=CH-). As a result of the presence of this proton, hydrazones find wide applications in many areas. They can also be used in agriculture as herbicides, insecticides and plant growth stimulants [7] . Furthermore, they are used in synthetic organic chemistry for the preparation of other compounds, and in analytical chemistry for the identification of carbonyl compounds [8, 9] . The hydrazones also find applications as spectrophotometric reagents, because they can act as multidentate ligands with transition metals [10] .
Acidity measurements of organic compounds, like those investigated here, are significant in studies that involve the formation and investigation of biological activities. An understanding of the acidity or basicity of organic compounds is fundamental to molecular design. The reaction mechanisms are also very important for understanding the chemical and biological processes that may take place at the azometine site [11] . It is wellknown that acid-base properties affect the toxicity and pharmaceutical characteristics of organic acids and bases [12] ; the biological activity of hydrazones depends on the ionic forms in which they exist in solution [13] .
Moreover, knowledge of the ionization constant values of ionizable groups is important for understanding of many areas of chemistry. It should be pointed out that the values of these constants are important, especially for elucidating the reaction mechanism, especially those involving proton transfers. There are several different methods, such as potentiometric, chromatographic, electrophoretic and spectrophotometric methods, that can be used for the determination of the ionization constants of compounds that behave as weak bases in acidic media. It is known that spectrophotometric methods are highly sensitive and suitable for studying chemical equilibria in solution [14] .
The proton-acceptor and proton-donor capacities of drug molecules are significant factors in the functioning of biological systems. With knowledge of the ionization constants, one can calculate the ratio of the molecules with different protonation sites at various pH values in certain compartments of the body. It is also important to know the average protonation state of the molecule when designing in vitro chemical reactions and analytical procedures [15] . So far, no precise data have been available in the literature referring to the sites where the molecule loses and accepts protons. However, the recent development of a calculation method in quantum chemistry has facilitated a new approach to the analysis of acid-base properties of biologically active compounds [16] .
In view of the above observations, this work focused on following the behavior of some p-substituted aromatic hydrazones in acidic media (pH range from 1 to 7), as well as on the determination of the ionization constants of their protonated forms (pK BH + ). Moreover, the thermodynamic ionization constants were evaluated from the pK BH + values determined at different ionic strengths. Additionally, applying the semiempirical methods AM1 and PM3, the proton affinities, site of protonation and stability of the protonated forms and that of the isomers (E and Z) were determined.
The p-substituted aromatic hydrazones that were the subject of this study have the general structural formula shown in Table 1 .
T a b l e 1
The structure and nomenclature of the investigated hydrazones . In order to obtain more precise data, a three series of test solutions were prepared, and pK BH + values were calculated as the average value of these data.
In all test solutions, sodium perchlorate (1 mol/dm 3 ) was added to adjust the ionic strength (0.1, 0.25 and 0.5 mol/dm 3 ), while the pH was varied in the range between 1 and 7 by adding a suitable amount of perchloric acid (0.5 mol/dm
3 ). After each pH adjustment, the UV spectra were recorded. Simultaneously, the blanks were prepared with the same composition as the working solutions, without the investigated hydrazone.
The purity of the investigated hydrazones was confirmed by elemental analysis, as well as constant measurement of melting points. The perchloric acid and sodium perchlorate were of analytical grade p.a.
Absorbance measurements were carried out using a quartz cell with a 1 cm path length in a Varian Cary 50 UV/Vis spectrophotometer (the maximum scan rate is 24 000 nm/min and resolution is 1.5 nm), immediately after preparation of the solutions, at room temperature.
All absorption spectra were digitized at five data points per nanometer in the wavelength region between 190 and 400 nm. The pH measurements were carried out using a digital pH meter with a combined glass electrode (1 < pH < 13), calibrated with two buffer solutions at pH 4 and pH 7.
Calculations

pK BH
+ values can be calculated from the absorbance value which corresponds to the absorption maximum; more than one absorbance value can be used. Our previous studies demonstrated that the obtained results are more accurate when four absorbance values are used [18] . Furthermore, the pK BH + values calculated from the absorbance values at four selected wavelengths around the absorption maximum in neutral media are statistically identical with those in acid media. It has been suggested that both maxima can be used for the selection of wavelengths for further calculations [18] . Taking into consideration these results, the calculations of the pK BH + values were performed from the absorbance values from experimental and reconstructed spectra at four selected wavelengths around the absorption maximum that appears in neutral media: 306 nm, 310 nm, 314 nm and 318 nm. To determine the molar absorption coefficients, the absorbance values of the neutral (pH 6.7) and protonated (pH 2.1) form were measured. For this purpose, the UV spectra were recorded at three different concentrations (2.40·10 . Furthermore, the ionization ratio I (I = c(BH + )/c(B)), i.e. the ratio between the concentration of the protonated (BH + ) and neutral (B) form of the hydrazones, was determined. The calculations were performed using the molar absorption coefficient values and the spectrophotometric data obtained at the selected wavelengths, in accordance with Beer's law. In order to minimize the influence of random errors, an overdetermined system of four equations (for absorbance values) with two unknown parameters (concentration of the protonated and unprotonated form) was set up. The pK BH + values were calculated using the Equation (1) presented below:
where pK BH + is the dissociation constant of the protonated form, I is the ionization ratio and n is the number of protons.
The influence of the solvent can be eliminated by employing various methods such as principal component analysis (PCA) [19] , the target-testing method of factor analysis [20] and characteristic vector analysis (CVA) [21] . One of the most commonly used is CVA, which has been tested and proven to be applicable in the analysis of spectroscopic data, to investigate problems dealing with protonation [22] .
Additionally, the pK BH + values of the investigated hydrazones were determined graphically [23] , as the intercept of the dependence of logI on pH. When c(BH + ) = c(B), logI = 0, the graphically determined pK BH + value is equal to the pH value of the solution. Finally, with extrapolation of the curve pK BH + = f(  ) to zero ionic strength, the thermodynamic pK BH + values were evaluated, as the intercept [24] .
The semiempirical calculations (heat of formation, proton affinities, total energy, binding energy and Gibbs energies of formation) were performed using semiempirical the AM1 (Austin Model 1) and PM3 (Parametric Method 3) methods [25, 26] . Preliminary optimization was performed by the molecular mechanics MM + with application of the Polak-Ribiere algorithm and a gradient of 0.1 kcal/(Amol). The same methods were applied to optimize the geometry of the analyzed hydrazones and to determine the stability of the possible isomers.
All the results were obtained using the computer programs Excel, Grams Version 4.10, and HyperChem Version 8.
RESULTS AND DISCUSSION
The absorption spectra and characterization of electron transitions
The UV spectra of N-benzaldehyde-p-meto-
were obtained in aqueous perchloric acid medium (pH from 2 to 6) at room temperature. These spectra were recorded in the wavelength region from 190 to 400 nm, as shown for hydrazone H 3 ( Figure 1 ). Predictably, similar spectra were obtained for the other investigated hydrazones.
As can be seen from the UV spectra (see Figure 1 ), it is clear that in the investigated wavelength region, two absorption bands exist in the spectra of the hydrazone H 3 , in the pH range from 2 to 6. The first absorption band that appears in the neutral region, at a wavelength around 195 nm ( = 307632 cm
, is a result of  * electron transitions. Moreover, the second absorption band, found at around 314 nm ( = 344548 cm
, is due to low energy n * electron transition of the azometine group, involving the lone pair on the azometine nitrogen atom, and characterizes the neutral form of the compound. This absorption band was interesting for our further investigations. Upon increasing the acidity of the solution until pH 4.78, there were no changes in the position and intensity of this absorption band. On the other hand, when the pH was lower than 4.47, the intensity of the absorption band decreased ( Figure  1 ), while when the pH of the solution was below 3.53, despite no change in intensity except intensity, a hypsochromic shift of the absorption band of about 20 nm was observed. In more acidic media (pH 2.44), the absorption band reached the final position (266 nm) and there were no further changes in its intensity. However, as can be seen in Figure 1 , acidification of the investigated solutions resulted in an approximate 50 nm hypsochromic shift in the absorption band.
The described changes in the experimental spectra suggested that the reaction of protonation of the investigated hydrazones probably occurred in acidic media. Namely, it is known that this absorption band which is a result of n * transitions despaired in acidic media when the protonation process of compounds that contain an azometine group take place, i.e. transitions where a proton is added to the azometine group are hindered. The absorption band which appears in acidic media (pH 2.4) at lower wavelengths (around 266 nm) is probably a result of the  * electron transitions of the protonated form of hydrazones. Furthermore, changes were noted in the intensity and the position of the first absorption band. However, as mentioned before, this absorption band was not interesting for our further investigations.
In addition, in Figure 1 it can clearly be seen that isosbestic points can be expected in the expe-rimental spectra of the hydrazone H 3 . In order to determine their exact positions, the experimental spectra were reconstructed using the CVA method. The obtained spectra after reconstruction are shown in Figure 2 . From the reconstructed spectra (see Figure  2) , it can be seen that for the hydrazone H 3 , the isosbestic points around 214, 238 and 286 nm are clearly visible. The position and the intensity of the absorption bands do not change after reconstructtion. The existence of the isosbestic points indicates that a reaction is taking place in the studied solutions and there are at least two molecular species present capable of absorbing electromagnetic radiation.
Based on the changes in the UV spectra for all investigated hydrazones, we concluded that the reaction that occurs in acidic media is the protonation of hydrazones. This conclusion was additionally supported by the variation of the absorbance at 314 nm after changing the acidity of the solution. These curves (A = f(pH)) for all investigated hydrazones have a sigmoidal ,,S" shape (see Figure 3) .
The curves shown in Figure 3 have only one step, which is an indication that only one reaction takes place. Its initial part is almost horizontal until a pH of about 5.0. After that, the curves rise until a pH of 2.5 and then the absorbance values remain practically constant. The changes in the sigmoidal curve of the hydrazone H 3 (see Figure 3) showed that formation of the protonated form of this hydrazone occurred when the pH of the solution was below 2.5. The identical situation for the other investigated hydrazones was observed. Using the ,,S"-shaped curve, the pH range of protonation of each investigated hydrazone (steep part), and the pH values at which only the neutral or the protonated form (horizontal part) exist, can be determined (see Figure 3 ). For the protonation equilibrium of a base, the following equation can be written:
In order to make it applicable to a given reaction only, the exact position of the site at which protonation takes place must be determined. To achieve that, the proton affinities of possible protonation sites and some physicochemical parameters (total energy, binding energy and heat of formation) we calculated, using the semiempirical methods AM1 and PM3. It was assumed that the most probable structure is the one for which the calculated values are the lowest. From the results obtained using the semiempirical AM1 method, it was seen that the sp 2 hybridized nitrogen cation had lower energies (E tot , E bind and ΔH o f ) than the sp 3 hybridized one (see Table 2 ). These results were confirmed with the semiempirical method PM3 (see Table 3 ).
Physicochemical parameters and proton affinities
On the other hand, the lowest energies for both the N -sp 2 and N -sp 3 protonated forms were obtained for hydrazone H 3 , while the highest energies were observed for hydrazone H 1 . This suggests that the protonated form of hydrazone H 3 was more stable in solution than those of the other hydrazones. It must be pointed out that all values of the analyzed energies for the investigated hydrazones were close (Tables 2 and 3 ). However, according to these calculations, we could conclude that the protonation of the imino hybridized nitrogen atom (sp 2 ) was most probable.
Furthermore, the conclusion regarding the protonation site can be tested by comparison of the partial charges calculated with the semiempirical methods. These values evaluated with the AM1 semiempirical method (Table 2) indicate protonation of the sp 3 hybridized nitrogen atom, while those evaluated using PM3 (Table 3) suggest the opposite situation, i.e. protonation of the sp 2 hybridized nitrogen atom. To resolve this situation, the proton affinity values of both nitrogen atoms (sp 2 and sp 3 hybridized) should be calculated. The calculations were performed using the heat of formation (ΔH f ) and Gibbs energy of formation (G f ), according to the Equations (3) and (4):
where PA is the proton affinity, H The obtained results (see Table 4 ) show that the sp 2 hybridized nitrogen atom has higher proton affinity values compared to those of the sp 3 hybridized one. This indicates that the protonation reaction takes place at the nitrogen atom which is sp 2 hybridized, i.e. the imino nitrogen atom. This conclusion is in accordance with the results of the protonation site of hydrazones known from the literature [16, 29, 30] . Furthermore, the hydrazones H 5 and H 3 have greater proton affinity compared to the other investigated hydrazones, which have similar values for proton affinity. The lowest proton affinity was 212.87/209.32 kcal/mol (AM1/PM3) for hydrazone H 4 . According to the calculated values of proton affinities and data known from the literature, the chemical reaction describing the protonation of hydrazones in acidic media can be presented as follows: The similarity of the PA values of both nitrogen atoms suggests that the influence of the substituents present in the investigated hydrazone molecules on the protonation site is not significant.
Furthermore, we did some investigations related to the stability of the syn (Z) and anti (E) stereo isomers of the neutral and protonated forms of hydrazone molecules. As is well-known, the syn (Z) and anti (E) stereo isomers are possible for the amide hydrazone structures of the investigated compounds. Applying the above mentioned semiempirical methods, the geometries of the E and Z isomers were optimized. The stability of the isomers and their sp 2 protonated forms was determined using the values of E tot (in kcal/mol) and ΔH o f (in kcal/mol). The PA values (in kcal/mol) for both isomers were calculated using the heat of formation values, according to Equation (4) . The obtained results for the neutral and sp 2 protonated forms are given in Tables 5 (AM1) and 6 (PM3).
The obtained results indicate that the E isomer is more stable (it has a lower value of E tot ; see Tables 5 and 6 ) than the Z isomer in neutral media, for all the investigated hydrazones. The situation is different in acidic media, when the cation is formed as a result of protonation of the sp 2 hybridized nitrogen atom. In this case, the stability of the Z isomer is greater compared to the E isomer. This can be explained by the PA values of both isomers. As seen in Tables 5 and 6 , the Z isomers of all hydrazones possess greater proton affinity than the E isomers. Hence, despite the fact that the stability of E isomers is higher than that of the Z forms, the cation formation ability of Z isomers is higher than that of E isomers. The obtained results suggest that the Z isomer is more easily protonated than the E isomer, which is more stable in neutral solutions. The obtained results suggest that quantum chemical calculations can be used to determinate the protonation sites and stability of the isomers. 
Experimental pK BH + values
As indicated earlier, pK BH + values are important to understand reaction mechanisms which involve proton transfers. The variation of the absorbance value that occurred when the pH of the solution was increased made it possible to determine the values of pK BH + . The calculations were performed according to the procedure mentioned in the experimental part of this work. The statistical data (standard deviation (SD), relative standard deviation (RSD) and coefficient of determination (R 2 )) were calculated, as well. The pH range of protonation, ionization ratio (logI) and pK BH + values calculated from the absorbance data at an ionic strength of 0.5 mol/dm 3 are given in Table 7 , while those calculated from the data at an ionic strength of 0.25 and 0.5 mol/dm 3 are not shown. The corresponding average pK BH + values for all investigated hydrazones obtained with the spectrophotometric method and their confidence intervals at the 95% confidence level are presented in Tables 8 and 9 . The presented values are the average of the measurements of three series of solutions; the number of data used for calculations is 10. From the results presented in Tables 8 and 9 , it can be seen that the pK BH + values of all investigated hydrazones were quite similar. A small difference (lowest pK BH + values) was noticed for hydrazone H 5 , which exhibited the strongest basic properties compared to the other investigated hydrazones. This may be expected by the influence of the hydroxyl group in its molecule.
The similarity between pK BH + values was observed by comparison of the calculated pK BH + values obtained from experimental data and from the reconstructed spectra. This result was expected because, as was already mentioned, in the experimental spectra, clear isosbestic points appear. This suggests that the pK BH + values were not significantly influenced by the solvent and the use of CVA in aqueous solutions is completely unnecessary.
The Tables 8 and 9 . For illustration, the method of the graphical determination of the pK BH + value of the hydrazone H 3 is shown in Figure 4 . As it can be seen in Figure 4 , the correlation between logI and pH values is excellent with a regression coefficient R 2  1. The slope of the correlation line is about unity. Also, there are no significant differences between the pK BH + values obtained numerically and graphically (see Tables 8 and 9) .
As mentioned before, the thermodynamic pK BH + values (Tables 8 and 9 , indicated in bold)
were evaluated at zero ionic strength. The dependence of pK BH + (at ionic strengths of 0.1, 0.25 and 0.5 mol/dm 3 ) on the  of the hydrazone H 3 obtained from the experimental spectra are shown in Figure 5 . The similarity between the thermodynamic pK BH + values obtained from the experimental and reconstructed spectra is one more confirmation that the solvent has no important influence on the appearance of the spectra. The thermodynamic dissociation constants were also similar for all the investigated hydrazones and they were lower compared to the pK BH + values at the ionic strength of 0.1, 0.25 and 0.5 mol/dm 3 . The calculated pK BH + values of the investigated hydrazones were similar to those obtained for a similar class of compounds [31, 32] .
CONCLUSION
The acid-base properties of five psubstituted aromatic hydrazones were described using UV spectroscopy. The spectrophotometric data demonstrated that the reaction of protonation of the investigated hydrazones occurred in acidic media. The dissociation constant values of the protonated form were performed using the absorbance values selected at four wavelengths. The thermodynamic pK BH + values were evaluated at zero ionic strength from the pK BH + values determined at different ionic strengths. The calculated statistical data show that this method gives very precise values. The semiempirical methods AM1 and PM3 were employed in order to calculate some of the physicochemical parameters (E tot , E bind , ΔH o f and ΔG f ) and proton affinities of both nitrogen (sp 2 and sp 3 hybridized) protonated forms. The obtained results indicate that the imino (sp 2 hybridized) nitrogen form is favored. Although the stability of the E isomer is greater than that of the Z isomer, the protonation of the Z isomer is favored in acidic media. The results demonstrate that semiempirical calculations can be used successfully to determine the site of protonation, the stability of protonated forms and the stability of isomers.
